Abstract: Response-type road roughness measuring systems estimate pavement roughness from correlation equations. Most of these systems recommend to maintain a constant survey speed or to keep the speed within a certain range. But carrying out a survey with this speed constraint may not always be possible due to the existence of traffic control devices and heavy traffic flow. Therefore, these systems may produce a significant bias in roughness measurement because of survey speed fluctuations. The objective of this study is to develop calibration equations that eliminate the bias produced by survey speed fluctuations. A simplified regression relationship for IRI with bump integrator reading and survey speed as explanatory variables is developed using ROMDAS bump integrator. Using a case study, this study also investigates how the bias created by speed fluctuations affects roughness and demonstrates how developed calibration equations eliminate that bias.
INTRODUCTION
Road roughness is the deviation of a road surface from a true planar surface with characteristic dimensions that affect vehicle dynamics, ride quality, dynamic loads, and pavement drainage. Roughness is primarily related to serviceability, structural deficiencies and road deterioration [1] . It is one of the key indicators to evaluate road performance and condition [2] . Roughness affects safety, comfort, travel speed and vehicle operating costs [1, 3] . Therefore, pavement condition (roughness) has been considered as one of the key factors to make a decision for further road works [4] [5] [6] [7] . Recent literature regarding optimization of pavement maintenance strategies also addressed roughness as an important indicator that affects lifecycle costs (including road user costs and maintenance costs) of a road section [8] [9] [10] [11] [12] . Therefore, road agencies should be able to measure road condition (roughness) precisely, as economic evaluation of road maintenance and upgrading expenditure depends on this indicator.
At present, the most commonly used road roughness measuring index is the International Roughness Index (IRI) introduced by the World Bank [13] . The IRI is a mathematically defined as summary statistic of the longitudinal profile in the wheel paths of a traveled road surface [1, 3] . Although roughness measurements are matured technologies, there are still works to be done in improving their accuracies [1] . Various types of equipments are widely used for carrying out road roughness survey. According to the accuracy and methodology used to determine IRI, they are classified into four categories. Class I devices incorporate precision profiles, Class II devices consider other profile methods, Class III *Address correspondence to this author at the Department of Civil & Environmental Engineering, Saitama University, 255 Shimo-Okubo, Sakura-ku, Saitama-shi 338-8570, Japan; Tel: 81 80 3487 5254; Fax: 81 48 858 7374; E-mail: masum_ait@yahoo.com devices estimate IRI from correlation equations and Class IV considers subjective ratings and uncalibrated measures [1, 14] . Response type road roughness measuring systems (RTRRMSs) belong to class III devices. As RTRRMSs estimate roughness implementing correlation equations of IRI with other variables, these systems are able to collect roughness data of a long pavement section quickly compared to many devices of Class I and Class II [15] [16] [17] . In some instances, RTRRMSs may get better results than more sophisticated Class I system, since they reflect the effects of the entire contact area of the tire with the pavement surface [1] . However, most of the RTRRMSs still have one common limitation that is restrictions in survey speed. It is essential for these systems to maintain a constant survey speed or to keep the speed within a certain range [18] [19] [20] .
RTRRMSs measure the dynamic response of vehicles to the road surface by using either accelerometers or mechanical devices. Roadmaster and Roughometer are commonly used accelerometer based systems. These roughness measuring accelerometers do not work properly and hence yield unreliable results with low survey speeds. Therefore, Roadmaster as well as Roughometer recommends maintaining a survey speed higher than 40 km/h. Regarding the upper limit of speed, Roadmaster does not have any restriction but Roughometer suggests not to exceed 60 km/h [19, 20] . On the other hand, Road Measurement Data Acquisition System (ROMDAS) bump integrator and Transport Research Laboratory (TRL) bump integrator are commonly used mechanical devices for carrying out roughness survey [21, 22] . Both these devices use calibration equations of IRI that is a function of bump integrator reading 1 . These calibration equations are normally developed for several speeds. Therefore, these systems suggest maintaining the survey speed close to one of the calibration speeds [18] . Carrying out a survey by maintaining a constant speed or keeping the speed within a certain range might be possible in a free or private road. It may not always be possible to follow this speed constraint due to the existence of traffic control devices (such as signals, signs, traffic lights) and heavy traffic flows. In that case, survey speed may fluctuate that can reduce the accuracy and cause a significant bias in roughness measurements. Investigation of various RTRRMSs reveals that no system is free from speed constraint and suitable for any survey speed. Thus bias in roughness measurement that can be caused by not maintaining specified speeds may be a common problem for many RTRRMSs. Therefore, there is a strong need to eliminate this bias and allow speed fluctuations for these roughness measuring systems.
The objective of this study is to develop calibration equations that eliminate the bias produced by survey speed fluctuations. In order to do this, a simplified regression relationship for IRI with bump integrator reading and survey speed as explanatory variables is developed using ROMDAS bump integrator as a case. Moreover, this study investigates how the bias created by speed fluctuations affects roughness, and demonstrates how developed calibration equations eliminate that bias using a case study. This paper is organized as follows. Section 2 discusses methodology. Section 3 applies the proposed approach in case and discusses the results. Finally, section 4 concludes the paper.
METHODOLOGY
This section includes a brief review of IRI estimating procedure used in ROMDAS, observation of the bias due to speed constraint and improvement of the calibration equations. Fig. (1) depicts the procedure of IRI estimation using ROMDAS bump integrator. This bump integrator records the relative movement of the vehicle floor to the suspension during the operation and produces 1 pulse per 0.8 mm suspension movement [21, 22] . Therefore, the output of bump integrator is generated in terms of count per km, which is the accumulation of the number of pulses in one kilometer. In order to develop a correlation equation of bump integrator reading with IRI, at first roughness of several sections along the wheel paths is precisely measured. Class I or Class II devices can be used to do this. In this study, Z-250 reference profiler is used for this purpose [23] . Vehicle installed with ROMDAS bump integrator is then operated following the same wheel paths to record the bump integrator readings. Bump integrator readings and IRIs found in different sections are then used for developing regression equations which are called calibration equation in this system. As bump integrator reading is sensitive to the vehicle speed, different calibration equations are produced for different vehicle speeds. Calibration equations forward the system to the actual roughness survey. Bump integrator readings are only collected during the survey. These raw data (bump Integrator readings) are processed using the earlier developed calibration equations and converted into IRI.
Conventional Calibration Equation
The calibration process is based on roughness measured by Class I or Class II devices and data generated by bump integrator. Two bump integrators connected with left and right wheels are used in this study. These integrators are calibrated separately using the procedure mentioned earlier.
Three sections of different roughness are used for calibration. Each of the sections is 100 meters in length. Roughness Indices of these sections found by Z-250 reference profilers are shown in Table 1 . For developing calibration equations, bump integrators are operated in three sections where IRIs are determined by Z-250 profiler (mentioned in Table 1 ). Three speeds, 30 km/h, 45 km/h and 60 km/h, are used for the calibration. For every speed and section, five bump integrator readings are taken and average of them is considered to generate more precise calibration equations. Regression analysis of the mean of bump integrator counts and IRIs measured by Z-250 reference profiler produces roughness calibration equations. 2) . This may be explained by the fact that the bump integrator 1 (Left Wheel) is on curb side close to the shoulder picking up many irregularities. Fitness of this calibration equation might be improved by increasing the number of runs.
Calibration equations developed for different speeds are used to estimate roughness in ROMDAS even if the speed is not maintained properly. For instance, calibration equations are developed in this study for three speeds; 30 km/h, 45 km/h and 60 km/h. Therefore, the equations of 60 km/h (3, 6) are applied for the survey speed range of 52.5 km/h (mid point of 45 km/h and 60 km/h) and above when bump integrator readings are converted into IRIs. Similarly, equations of 45 km/h (2, 5) and 30 km/h (1, 4) are used for the speed ranges of 37.5 km/h (mid point of 30 km/h and 45 km/h) to 52.5 km/h and 0 to 37.5 km/h respectively. So, ROMDAS applies only one equation for a range of survey speed. As bump integrator is sensitive to vehicle speed and calibration equation is developed for specific speeds, hence ROMDAS restricts the survey speed to be maintained close to the calibration speeds. But, maintaining constant speed during actual survey may not always be possible as discussed earlier.
Under this circumstance, it is better to develop roughness calibration equation as a function of bump integrator reading and vehicle speed to eliminate the constraint of maintaining a constant speed.
Development of Alternative Calibration Equation that Eliminates Speed Constraint
Alternative specification of calibration equation is developed in this study which generates a calibration equation using bump integrator reading and survey speed as explanatory variables of IRI. Since this equation includes vehicle speed as an explanatory variable of IRI, it eliminates the constraint of maintaining the survey speed within a certain range or at a constant speed during the roughness measurements. In order to develop the calibration equation of IRI as a function of bump integrator reading and vehicle speed, multiple regression analysis is implemented on the same data used for equations (1), (2), (3), (4), (5) and (6) . Observation of the calibration equations (Fig. 3) shows that roughness index increases as bump integrator reading (count/km) increases. On the other hand, higher bump integrator reading (count/km) is found for higher vehicle speed with the same roughness. Therefore, it is clear that a relationship might be developed where IRI would be a function of vehicle speed and bump integrator reading. In order to do so, both intercept and slope coefficient of bump integrator reading is assumed to be functions of vehicle speed which is given below.
IRI
where, x 1 and x 2 are vehicle speed and bump integrator reading respectively. , , and are constants.
Outcome of multiple regression shows that t-statistic values of x 1 are relatively small for both bump integrators. It means x 1 is not significant in these equations and intercept should not be a function of vehicle speed. Therefore, multiple regression analysis is carried out again eliminating insignificant x 1 in the aforementioned equations. It is found that only the slope coefficient of bump integrator reading might be a function of speed. Calibration equation assumed in this analysis is as follows. where, x 1 and x 2 are vehicle speed and bump integrator reading respectively. , and are constants.
All the variables in this analysis are found to be significant and the outcome produces the following calibration equations. Fitness of equation (7) is comparatively lower due to data inconsistency of the left bump integrator as discussed earlier.
Bump
On the other hand, fitness of equation (8) is very high as equations (4, 5 and 6) are well fitted. It means, if calibration data is properly collected, good alternative calibration equations (expressions where speed is an explanatory variable) can be generated.
CASE STUDY

Raw Data Collection and Data Processing
Data collection in this study was carried out in Kagawa prefecture of Japan. Pavement type in this case was asphalt. Total pavement length was 348 km and roughness data was recorded with a sampling interval of 100 meters by using two bump integrators. Survey speed was tried to be maintained close to 60 km/h, although it was not possible to maintain precisely due to traffic control devices and flows of other vehicles. For data processing, conventional and alternative calibration equations developed in previous section were used which converted bump integrator raw data (count/100 meters) into IRI (m/km).
Results and Discussion
Roughness indices were determined for sections of various lengths ranging from 1.53 km to 59.18 km, in this case. There were 18 different sections that made a total length of 348 km. Data were collected with a sampling interval of 100 meters and the calibration equations were used to compute an IRI per 100 meters interval. Finally, an average roughness index (IRI, m/km) was determined over the section. Table 2 summarizes the average IRI for all the 18 sections using conventional and alternative calibration equations. It also shows the percentage difference between IRIs measured by these two calibration equations. Investigation represents that percentage difference is positive in all the 18 sections for both bump integrators. Considering the average of the bump integrators, roughness indices increased by 1.06% to 7.59% when alternative calibration equation is applied. If the total pavement length (348 km) is assumed as one section, roughness values increased by 4.61% and 2.21% for bump integrator 1 and bump integrator 2 respectively, when the alternative calibration equation is implemented as shown in Table  3 . It means that the conventional calibration equation produces lower roughness value. The most important factor for these differences might be the fluctuations of speed during the actual survey.
Causes of Bias and How alternative Method Improves the Quality
Observation of calibration equations, shown in Figs. (2) and (3), indicates that higher speed tends to produce higher bump integrator reading (count/km) for the same IRI. For instance, in Fig. (3) bump integrator readings for roughness index 3 (m/km) are 1,251 (count/km), 1,539 (count/km) and 2,123 (count/km) when vehicle speeds are 30 km/h, 45 km/h and 60 km/h respectively. On the other hand, ROMDAS processes the bump integrator reading (count/km) and converts it into IRI, using three calibration equations developed for 30 km/h, 45 km/h and 60 km/h. Elaborately, ROMDAS uses calibration equations of 30 km/h, 45 km/h and 60 km/h for speed ranges 0 to 37.5 km/h, 37.5 km/h to 52.5 km/h and 52.5 km/h to above respectively. Same equation is used for a wide range of vehicle speed. If survey is carried out at a speed of 30 km/h and bump integrator generates 1,000 count/km in a given section, ROMDAS will apply equation (4) for the right bump integrator. Therefore, it will produce an IRI of 2.62 m/km. This roughness can be considered as the true roughness of the road section, as survey speed is equal to the calibration speed. If survey speed is 20 m/km, it should produce a bump integrator reading lower than 1,000, as higher speed tends to produce higher bump integrator reading. But, ROMDAS will also apply equation (4) for the speed of 20 km/h. Consequently, it will produce an IRI lower than 2.62 m/km. In this way the IRI produced is underestimated when survey speed is lower than the calibration speed. Similarly, overestimation exists when survey speed is higher than the calibration speed. Therefore, more calibration equations would produce more accurate values, and in order to eliminate this error infinite numbers of equations are needed if constant speed is not maintained. Alternative calibration equation developed in this study processes raw data using calibration equation, where IRI is a function of both bump integrator reading and vehicle speed. This equation tries to eliminate the bias.
A comparative study between conventional and alternative calibration equations has been carried out using the collected data to make the aforementioned discussion clear. As fitness of the calibration equation of bump integrator 2 is higher, it is used to compare both calibration equations. Figs.  (4-6) show the comparison between the roughness indices measured by bump integrator 2, using conventional and alternative calibration equations. Each point of these figures represents roughness difference for every 100 meters interval. Vehicle speed fluctuates in this study from 0.6 km/h to 82.8 km/h. Data are sorted and divided into three groups according to the vehicle speeds, 0 to 37.5 km/h, 37.5 km/h to 52.5 km/h and 52.5 km/h to above. Fig. (4) stands for speed of 0 to 37.5 km/h. It shows that roughness indices measured by the alternative calibration equation for the speed close to 0 km/h are about 20% higher than that of conventional calibration equation. The difference in roughness indices decreases with the increase of vehicle speed. Roughness indices measured near the vehicle speed of 30 km/h are almost the same for both equations. On the other hand, IRIs measured by the alternative calibration equations are lower than that of conventional calibration equation for the speed greater than 30 km/h. In 30 km/h, conventional calibration equation produces true IRIs as bump integrator was calibrated in this speed. Since, IRIs measured by the conventional and alternative equations are almost the same in this speed, it can be said that alternative calibration equation produces an IRI close to the true roughness. Therefore, this observation shows that IRI measured by the conventional calibration equation is underestimated when speed is less than calibration speed (30 km/h) and overestimated when speed is greater than that.
Figs. (5) and (6) stand for vehicle speed of 37.5 km/h to 52.5 km/h and 52.5 km/h to above respectively. In these figures , roughness values are also underestimated by the conventional calibration equation when vehicle speeds are 37.5 km/h to 45 km/h and 52.5 km/h to 60 km. On the other hand, roughness indices are overestimated when speeds are 45 km/h to 52.5 km/h and 60 km/h to above. In all the three cases, it was indicated that roughness values measured by both methods are almost the same when vehicle speeds are close to the calibration speeds; 30 km/h, 45 km/h and 60 km/h. Regression analyses (Figs. 4-6 ) produce following Equation (9) represents that IRIs differ by 5 % for the speed difference of 7.53 km/h when vehicle speed ranges from 0 to 37.5 km/h. Similarly, 5% difference in IRIs is found for speed differences of 7.05 km/h (10) and 5.22 km/h (11) when the speed ranges from 37.5 km/h to 52.5 km/h and 52.5 km/h to above respectively.
The outcome of this comparison supports that IRI measured by conventional calibration equation is underestimated when survey speed is lower than the calibration speed and overestimated when the speed is higher than that. In this study, conventional method produces lower roughness values for all the 18 sections as shown earlier in Table 2 . Vehicle speeds lower than the calibration speeds are dominating in this case which might be the reason of this underestimation. In order to clarify this feature, each of the three speed ranges is divided into two parts according to underestimation and overestimation. Speed range of 0 to 37.5 km/h is divided into two groups, lower than 30 km/h and greater than 30 km/h. Similarly, speed ranges of 37.5 km/h to 52.5 km/h and 52.5 km/h to above are classified into four groups, lower than 45 km/h, greater than 45 km/h, lower than 60 km/h and greater than 60 km/h. So, there are six groups in total. IRIs measured for these groups are listed in Table 4 The magnitude of the underestimation over the whole network can be estimated by (12) .
where B is magnitude of bias (underestimation or overestimation), L is pavement length and P is underestimation (P>0) or overestimation (P<0) in percentage. For the bump integrator 2, B is obtained as 2.04%. It means that IRIs are underestimated by 2.04% for the whole network.
Similarly, for bump integrator 1, underestimation dominates, although it does not show clear relationship of underestimation and overestimation with vehicle speed. Roughness indices are underestimated by conventional calibration equation for all the speed ranges except the speed range of 45 km/h to 52.5 km/h. Lower fitness in calibration equation causes this inconsistency which might be improved by having more number of runs during calibration.
CONCLUSION
Commonly used response type road roughness measuring systems are not free from speed constraint and are not suitable for any survey speed or speed fluctuations. This limitation produces a significant bias in roughness measurement if the survey speed is not properly maintained. In order to tackle this problem, this paper presents a regression relationship of IRI as a function of bump integrator reading and survey speed using ROMDAS.
It is observed in ROMDAS that higher speed produces higher bump integrator reading (count/km) for the same roughness index. Therefore, roughness index measured by conventional calibration equation is underestimated when survey speed is lower than the calibration speed and overestimated when speed is higher than that. If the distribution of speeds is skewed, overestimation or underestimation may dominate causing the bias in roughness measurement. Logically it can be said that more calibration equations would produce more accurate values and in order to eliminate this bias using the conventional calibration equation, infinite number of equations are needed. For this reason, ROMDAS suggests maintaining a constant speed during survey which is cumbersome for the existence of traffic control devices and flows of other vehicles. Alternative calibration equation developed in this study produces calibration equation using bump integrator reading and survey speed as explanatory variables of roughness index. This equation may not be much affected by speed fluctuations during survey as speed a variable in this case. Therefore, it is able to measure roughness more precisely and eliminate potential bias caused by speed fluctuations. Although this paper focuses on ROM-DAS for the development of calibration equation of IRI as a function of survey speed, same concept might be applied to other RTRRMSs to reduce the effects of speed variations.
Bump integrator was calibrated using three different sections in this study. To improve the results, more reference sections might be selected. In addition, three speeds (30 km/h, 45 km/h and 60 km/h) were used for calibration. Increasing the number of speeds is also recommended for better findings. Moreover, magnitude of the bias produced by conventional approach was measured with respect to IRIs 
